The role of brain neurotransmitter transport processes in rabies virus infection of neurons was examined. The uptake and release of ?:-amino-n-butyric acid (GABA) in rabies virus-infected embryonic rat cortical neurons was assayed using tritiated ligands. A 45 % reduction of [SH]GABA uptake was observed 3 days post-infection, when a maximum level of infectious particle release occurs. At this time, kinetic analysis revealed significant changes in Vm~ x, whereas no changes were found in K m values in comparison with the control values. K + and veratridine-induced [SH]GABA release was increased in infected cultures (98% and 35%, respectively) as compared with control values. The results obtained from rabies virus-infected cultures provide some preliminary evidence of the involvement of GABA in the pathogenesis of rabies.
Introduction
Rabies virus infection induces only minor histopathological changes in the central nervous system and these cannot explain the fatal consequence of this disease (Johnson, 1965) . Thus, it has been hypothesized that rabies virus infection may involve alterations in specific brain function such as the metabolism of neurotransmitters (Murphy, 1977; Oldstone et al., 1977) .
Previous studies have demonstrated that impairment of neurotransmitter receptor metabolism occurs during rabies infection (Tsiang, 1982 (Tsiang, , 1985 . A reduction of radiolabelled agonist binding to opioid receptors and a reduction of [SH] scopolamine binding to muscarine acetylcholine receptors was found in the mouse neuroblastoma-rat glioma hybrid cell line NG 108-15 persistently infected with rabies virus (Munzel & Koschel, 1981; Tsiang, 1985) . Similar results were observed in vivo, showing a reduced antagonist binding to the muscarinic acetylcholine receptor in rat brain (Tsiang, 1982) . These data suggest a functional alteration at the postsynaptic level. We have recently found that the 5-hydroxytryptamine receptor (5-HT1D) was downregulated early during rabies virus infection in rat brain (Ceccaldi et al., 1993) . Furthermore, a decrease in [SH] 5HT evoked-release in cortical synaptosomes from rabies virus-infected rat brain suggests that the serotoninergic system may be also involved at presynaptic sites (Bouzamondo et al., 1993) .
Rabies disease in several natural hosts, including humans, is characterized by episodes of emotional disturbances, alternate phases of hyperexcitation and relapse, aggressive behaviour and generalized convulsions. This suggests a possible involvement of the ?:-amino-n-butyric acid (GABA)ergic system during rabies virus infection (Isaacson, 1989) . It is well known that GABA is correlated with aggressive behaviour and epileptic disorders (Roberts, 1976; Molina et aI., 1986; Worm & Lloyd, 1981; Schmidt & Loscher, 1981) and there is increasing evidence of the high sensitivity of GABAergic neurons to the effect of viral infection (Bonilla et al., 1980; Barrett et al., 1986) .
Since embryonic neurons are a well established model for studying the functional aspects of GABAergic systems in vitro (Thomas, 1986) and they are highly sensitive to rabies virus infection (Tsiang, 1988) , we decided to evaluate the effect of rabies virus infection on GABA uptake and release processes in cortical neuronal cultures.
Methods
Cell cultures. Cortical neurons were prepared in 24-well poly-Lornithine-coated (3 ~tg/ml, Sigma) dishes from 15-day-old rat embryos as previously described (Lockhart et at., 1991) with the following changes. On the fourth day in culture 5-fluoro-2"-deoxyuridine (10 ~tg/ml) and uridine (25 gg/ml) were added to the F-10 medium for 24 h to control non-neural cell proliferation. The medium was completely replaced with Eagle's MEM (Gibco) with 6 g/l of glucose, 3-7 g/1 of NaHCO~, 1% glutamine and 10% heat-inactivated (56 °C for 30 rain) horse serum, and then changed twice a week. All media were supplemented with 50 ~tg/ml of gentamicin (Panpharma). Neurons and astrocytes were identifed by immunohistochemistry using tetanus toxin (Tsiang et al., 1983) and anti-glial fibrillary acidic protein (GFAP; Dakopatts), respectively. Neuronal cell cultures were infected with 3.5 × 107 p.f.u./ml of fixed, BHK cell-adapted challenge rabies virus strain (CVS), for 1 h at 37 °C (Tsiang et al., 1983) , washed once, and finally maintained with 10 % horse serum in MEM. Rabies virus was titrated by the plaque assay method (Smith et al., 1977) . Virusspecific fluorescence tests were performed using an FITC-labelled antirabies virus nucleocapsid antibody (Pasteur Sanofi Diagnostics). As a control, duplicate plates were incubated with MEM only. The extent of cellular death in control and infected cultures was estimated by using vital staining (Favaron et al., 1988) .
Uptake experiments. The experiments were carried out in PBS which had the following composition: 137 mM-NaC1, 2.7 mM-KCI, 6-4 muNa2HPO 4, 1.47 mM-KH2PO4, 0.5 mM-MgSO4, 0-69 mM-CaCI2, 6 muglucose at pH 7.4. In order to ensure a rapid and simultaneous processing of infected and uninfected cells, all washes and irtcubation steps were performed with cluster trays as described by Gazzola et al. (1981) .
Briefly, the medium was removed and cell monolayers were washed twice with 0.5 ml of prewarmed (37 °C) PBS and allowed to stand for 10 min in the same buffer. The buffer was then removed and replaced with 0.5 ml of PBS containing 1 ~tCi/ml of [3H]GABA (sp. act. 60 Ci/mmol; Amersham) and various concentrations of unlabelled neurotransminer. The incubation (5 min at 37 °C) was terminated by three washes with cold PBS. Cells were then dissolved in 500 lal of 1 MNaOH for 1 h at 25 °C and then 400 gl of alkaline extract was obtained and neutralized with 1 M-HC1 and the radioactivity was counted using a liquid scintillation spectrometer (Pharmacia). The remaining 100 gl after alkaline extraction was collected for protein analysis (Lowry et al., 1951) using BSA as a standard.
Release experiments. GABA release studies were performed on 15-day-old neuronal cell cultures with infected and uninfected (control) samples run in parallel. The cells were washed twice with a KrebsRinger-HEPES (KRH) medium (120 mM-NaC1, 4.7 mM-KCI, 2-2 mMCaCI 2, 1.2 mM-MgSO4, 1.2 mM-KH~PO4, 10 mM-glucose, 25 mM-HEPES at pH 7.4), containing 10 gM-(aminooxy)acetic acid at 37 °C. The cells were then preincubated in the same buffer for 10 rain at 37 °C and finally incubated with KRH medium containing I gCi/ml of [3H]GABA (sp. act. 60 Ci/mmol; Amersham) for 15 rain at 37 °C. After three washes (5 min each) at 37 °C, [3H]GABA release was monitored during incubation of the culture with 0.5 ml of medium which was renewed every 5 min, over 25 min. The medium containing released [3H]GABA was collected at 5 min and 10 rain (basal release), at 15 min (5 min period in presence of the appropriate stimulus), and at 20 and 25 min (basal release). At the end of the experiment, the cells were solubilized in 0-5 ml of 1 M-NaOH and samples of buffer and cellular extracts had their radioactivity quantified.
Data analysis. Uptake rates were calculated based on measurements of incorporated radioactivity per mg protein and specific activity in the buffer. Non-specific uptake values (usually 3 to 7 % of the total uptake at 37 °C) were determined in the presence of excess GABA; these values were then used to adjust the uptake measurements. The kinetic characteristics of GABA uptake in the cortical neurons re, ere analysed using non-linear least-squares curve fitting the Michaelis-Menten equation to the experimental values of velocity (pmol/mg of cell protein/5 min) as a function of substrate concentrations (laM), using a computerized iterative program (Eureka: The Solver; Borland International). In order to evaluate whether the kinetic characteristics of the two curves differ significantly, statistical analysis was performed as described by Motulsky & Ransnas, 1987 . The two sets of experimental points were separately fitted and then the data were pooled and fitted simultaneously. The F-test was used to determine whether the two sets of data could be plotted on the same curve.
Radioactive GABA released in each 5 min sample was expressed as a percentage of the total radioactivity incorporated. The total radioactivity in the tissue at the start of the release phase was estimated by adding the value for radioactivity released to the amount of radioactivity remaining in the cells at the end of the release phase. If not otherwise stated, the difference between control and infected cultures was tested with the two-tailed Student's t-test.
Results

Morphology
After 12 to 15 days in culture, cells possessed welldeveloped processes, and were frequently grouped in large aggregates (Fig. 1) . Cultured neurons were identified using tetanus toxin and an indirect fluorescence method. Under our growth conditions, only a few cells present in the culture showed GFAP-positive immunoreaction.
Culture infection
The growth of rabies virus in the cultured cortical neurons showed a peak value for infectious viral particles starting at 3 days post-infection (p.i.) (Fig. 2) : the viral titre increased from 3"6 x 103 p.f.u./ml at 18 h to 2.67 x 106 p.f.u./ml at 72 h p.i. At this time, approximately 100% of the clusters of neuronal cells were stained indicating the presence of abundant viral inclusions, whereas viral antigens were not apparent in the glial cells as verified by double-immunostaining with tetanus toxin or anti-GFAP and anti-rabies virus nucleocapsid immunoglobulin G (data not shown). Moreover, the percentage of cells stained with propidium iodide was 18 % in control cultures and 20 % in infected cultures, showing that a 3-day infection does not significantly affect the survival of the neuronal population.
[3H]GABA uptake
In the first set of experiments we examined the rate of [3H]GABA uptake at different times p.i. using three GABA concentrations (0.1, 1 and 5 ~tM). Under these conditions, a significant decrease in the GABA uptake was found (Fig. 3) . At 24 h p.i., no significant difference in uptake rates was observed between infected and control cultures at all the concentrations tested. The decrease in GABA uptake into infected cultures was 50% that of control values at 48 h p.i. (P < 0.05). A further reduction was observed at 72 h p.i. with uptake rates which were 47%, 43% and 41% of the control values at GABA concentrations of 0"1, 1 and 5 laM, respectively.
A second set of experiments was carried out to investigate the kinetic characteristics of GABA uptake into cultured neurons at 3 days p.i. For determination of K m and V~,x, control and infected cells were incubated for 5 min in buffers containing nine different concentrations of GABA ranging between 0-05 and 100 gM (Fig.   4) . The Vm, ~ of GABA uptake was drastically reduced in the infected neurons in comparison with the control value (1850-5 pmol/mg protein/5 rain and 3551.1 pmol/ mg protein/5 min, respectively, Fl.14 = 145, P < 0'05). However, the infection did not significantly change the K m values (8'23 gM in the infected cultures; 7.83 gM in the control cultures). During rabies virus infection, the affinity of the GABA transport system for its substrate seems to remain unchanged, whereas the lowered Vm, x value is presumably indicative of a decrease in the number of fully active GABA transport sites.
Release of [aH]GABA
Release of [aH] GABA in control and infected cultures had the same temporal characteristics (Fig. 5 a, b) . The radioactivity released in infected cultures during the 5 min period of stimulation with depolarizing agents, however, was higher than that in control cultures. Depolarization of ceils by increasing the K + concentration caused a 98% increase in the release of total preaccumulated radioactivity in infected cultures (10.5 %) compared with control cultures (5"3 %), with P < 0"05 ( Fig. 5a ), According to a previous report (Snodgrass et al., 1980) a greater release of the total preaccumulated radioactivity (23% and 31%, in control and infected cultures, respectively) was obtained when veratridine, instead of K +, was added to the incubation buffer (Fig.  5b) . The increase in veratridine-evoked [3H]GABA release was slightly (35 %) but still significantly higher in infected than in control cultures (P < 0.05). Basal release values calculated at 5, 10, 20 and 25 rain did not show any significant difference between control and infected cultures.
Discussion
Our data indicate that rabies virus infection of primary cortical neurons results in the modification of GABA uptake and release. The uptake is lower than that in control cultures, whereas release is increased.
Although the mechanisms of virus-induced alterations are not clear at present, some relevant speculation can be offered. These effects cannot be caused by a loss of infected neurons, since the lack of lyric effect in the cultures and the significant increase in [~H] GABA release in rabies virus-infected neurons are inconsistent with this hypothesis, Preliminary immunocytochemical studies showed that expression of L-glutamic acid decarboxylase (GAD) in rabies virus-infected neurons is not significantly modified, indicating that virus-induced functional modifications of GABA are not the consequence of impairment in GAD expression (data not shown). The simplest explanation for the observed dysfunction is that rabies virus infection can alter some features of the neuronal membrane that are important for these processes. The possibility of an increase in permeability of the neuronal membrane which was responsible for a leakage of labelled amino acid was excluded, since infected cultures share the same values of non-specific uptake (data not shown) and the same basal values of release. Carrier-mediated [3H]GABA uptake is strictly dependent on the concentration gradients of Na + and membrane potential, i.e. the increase in Na + concentration enhances GABA uptake and the depolarization of the membrane inhibits GABA uptake (Blaustein & King, 1976; Snodgrass et al., 1980; Larsson et al., 1983) . Thus, one hypothesis is that rabies virus-induced modifications of the normal potential of the membrane could produce both an increased susceptibility to depolarizing stimuli and an inhibition of GABA uptake. This is in accordance with our results showing that inhibition of GABA uptake in infected cultures is not dependent upon a decrease in the affinity of the GABA transport system for its substrate. However, there is increasing evidence showing that the amount of non Ca2+-dependent GABA release in primary neuronal cultures occurs by reversal of the GABA uptake carrier (Harris & Miller, 1989) . We cannot rule out the hypothesis that the observed difference between infected and control cultures may represent the predominant activity of the carrier in the outward direction and thus, an enhancement of this mechanism.
To our knowledge, this is the first report showing a correspondence between clinical signs and the impairment of GABA transmission during rabies virus infection in vitro. A similar inhibition of GABA uptake has been observed in brain homogenates from rats affected by different types of experimental epilepsy (Silbergeld et al., 1980; Ross & Graig, 1981) . The increased susceptibility to depolarizing stimuli may cause desensitization to the inhibitory action of GABA at postsynaptic sites (Meldrum, 1989 ). Alternatively, it may represent an attempt to compensate for a deficiency in GABA transmission at the postsynaptic level, i.e. a deficit in GABA receptors.
In addition, these modifications of the GABA system may interfere with the function of other neurotransmitters that are affected by rabies virus infection (Tsiang, 1982 
